A total of two hundred twenty eight half-sib chickens were scored for allele size at 20 microsatellite loci to estimate individual heterozygosity and mean d 2 . The averages of microsatellite heterozygosity, allele per locus and mean d 2 were 0.39, 3.6 and 49, respectively. The body weight was measured biweekly from birth to twelve weeks of age. Gompertz function was assumed to simulate body weight and to estimate the growth model parameters. Due to sex effect on body weight, the regression of body weight on heterozygosity as well as on mean d 2 in males and females was analyzed separately in the present study. Positive correlations were found between microsatellite heterozygosity and body weight in males and females (p<0.05). Positive correlation also observed between individual heterozygosity and simulated maximum daily gain estimated from Gompertz function in female chickens (p<0.05). There were no significant correlations between mean d 2 and body weight. The results suggest that local effect hypothesis could explain the correlations between heterozygosity and fitness-related traits in the domesticated chicken population, rather than the general effect hypothesis does.
INTRODUCTION
Numerous efforts have attempted to correlate fitnessrelated traits, such as growth rate, with molecular marker heterozygosity in natural population. Most of the studies found positive correlations between growth traits and individual heterozygosity, and allozyme markers were widely used in these studies (Hansson and Westerberg, 2002) . Based on these studies, one mechanism, the direct effect hypothesis, was founded on the multilocus heterozygosity-fitness correlations (HFCs) resulting from functional overdominance at the marker loci (Smouse, 1986; Houle, 1989; Pogson and Zouros, 1994; Pogson and Fevolden, 1998) .
In the near decade, DNA markers were employed in many researches because DNA markers have abundant variability in most eukaryote genomes (Hughes and Queller, 1993; Jarne and Lagoda, 1996; Tsitrone et al., 2001; Wang et al., 2004; Tu et al., 2006) . Microsatellite loci were introduced and positive correlations were also found in studies involving HFCs (Coltman et al., 1998; Jiang et al., 2003; Markert et al., 2004; Jiang et al., 2005; Pujolar et al., 2005; Zhang et al., 2005) . The use of selectively neutral genetic markers stimulate associative overdominance hypothesis as the underlying mechanism, that is, the loci are mere markers, with other genes being responsible for the measured traits, the HFCs resulting from genetic associations between the neutral marker loci and the loci under selection (Zouros, 1993; David et al., 1995; David, 1998) . The associative overdominance hypothesis involved two aspects: the local effect hypothesis, based on the linkage disequilibrium between the marker loci and the fitness-related traits loci in the local chromosomal vicinity, and the general effect hypothesis which based on the linkage disequilibrium throughout the genome resultant of inbreeding (David, 1998; Pogson and Fevolden, 1998; Bierne et al., 1998; Thelen and Allendorf, 2001; Hansson and Westerberg, 2002; Curik et al., 2003; Markert et al., 2004) . A possible method to distinguish local effects and general effects is to use data from populations where detailed pedigrees can be constructed. Then it can be examined whether the inbreeding coefficient correlates with the marker heterozygosity, or variation in marker heterozygosity (but not in inbreeding coefficient) correlates with the trait. Coulson et al. (1998) , assuming that microsatellites mutate mainly by stepwise changes in the number of repeat units, proposed d 2 , the squared difference in repeat units between the two alleles of an individual, as a useful indicator of inbreeding. This makes it possible to distinguish local and general effects by using microsatellite loci. Heterozygosity-fitness correlations are not only of theoretical interest, they are also valuable in animal breeding, since highly heterozygosity should be carried out with breeding method if positive HFCs do exist in populations. Chicken is one of the important fowls and its body weight has significant economical importance. Here we detected relationships between body weight and estimates of genetic variation in Yangzhou Chicken by using half-sib data to exclude variation in the inbreeding coefficient. The present experiment was set up (1) to serve as a basis for future studies on the relationship among genetic variability (microsatellite heterozygosity and mean square allelic distance, d
2 ) and body weight, (2) to test optimum individual heterozygosity level for maximum body weight, and (3) to probe the mechanism underlying the association of body weight and individual heterozygosity.
MATERIAL AND METHODS

Experimental animals
Yangzhou chicken is a native breed famous for its high meat quality and it mainly distributed in the Yangtze Delta in China. The breed was qualified a dual-purpose breed of "Chinese poultry breed" by authoritative Committee of "The Breeds of Domestic Animal and Poultry in China" in 1984. In present study, 250 unrelated hens were randomly inseminated with semen from 50 cocks without sibling mating, and their 280 progeny were reared for experiment. The data of 228 half siblings (101 males and 127 females) were employed in this study. The experimental chickens were reared on a deep-litter floor pen (5 m×8 m). They were free access to water and were fed ad libitum starter diet (12.28 MJ/kg and 18% CP) until 6 week of age and grower diet (12.18 MJ/kg and 16% CP) from the 7th week until slaughtered. The lighting regime started with 23 h/d to 14 days post hatch after which lighting was reduced to 12 h/d. At 7 week of age, the chicks were exposed to natural day light. Body weight of each chicken was measured biweekly using electronic scale until 12 weeks of age.
Microsatellite genotyping
The PCR for microsatellite genotyping comprised a total reaction volume of 25 µl:1.0 µl of template DNA (100 ng), 0.5 µl of Taq polymerase (2 U/µl), 0.5-1.0 µl dNTPs (10 mM), 0.5 µl of each primer (100 ng/µl), 18-18.5 µl ddH 2 O and 2.5 µl 10×reaction buffer (with 20 mM MgCl 2 ) provided by the enzyme supplier. An Eppendorf Thermal Cycler was programmed for an initial incubation at 94°C for 3 min; 35 cycles each with denaturing at 94°C for 50 s, annealing at 56-60°C for 45 s and extension at 72°C for 50 s; and a final cycle at 72°C for 5 min. The PCR products were electrophoresed with polyacrylamide gel and silver stained with standard methods. Fragment sizes were determined by DNA sequencer (Shanghai Sangon Corporation).
Data analysis
The growth data of each individual were simulated with the following Gompertz growth function,
where W is the expected body weight of individual at age d-days; K is the maximum individual body weight estimated by Gompertz function; A is a growth constant; B is a rate of maturing. According to this model, age at the point of inflection is Ln (A/B), and the maximum day-gain for body weight is B*K/e.
Data were analyzed using the nonlinear regression model procedure (PROC NLIN) of Statistical Analysis System software package (SAS 1996) . The R 2 -value of the linear regression between observed and predicted body weight was used to indicate the goodness of fit.
A x 2 -test for goodness of fit was applied to determine whether genotype frequencies at each locus were in HardyWeinberg equilibrium.
Individual heterozygosity was the proportion of loci that are heterozygous among the twenty microsatellite loci for each chicken. Mean d 2 , the squared difference in repeat units in microsatellite loci between two alleles in an individual was calculated with the following function (Coulson et al., 1998) .
where i a and i b are the lengths in repeat units of alleles a and b at locus i, and n is the total number of loci at which an individual was scored.
All data were checked for normality and the variables approximated a normal distribution, so the data were not standardized before parametric statistical analysis. Correlations between individual heterozygosity, mean d 2 , and body weight were tested with regression (REG) procedure of SAS.
RESULTS
Phenotypic means
Means and standard deviations for body weight were listed in Table 1 . The body weight by sex was normally distributed, and the body weight of cocks was significantly higher than that of hens (p<0.01). Range of the body weight and the simulated maximum body weight varied widely in males and females, which suggested that the population might contain sufficient genetic variability and the data could be used to analysis correlations between heterozygosity and body weight. The R 2 -value for Gompertz function was about 0.97 and the simulated body weight curve was similar to the actual curve, which implied that body weight of this population could be simulated with Gompertz function.
Genetic diversity
Genetic parameters of the loci were depicted in Table 2 . The twenty microsatellite loci were characterized by considerable allelic variation in number of alleles and observed heterozygosity across all chickens. Observed heterozygosity of microsatellite loci in the population ranged from 0.02 to 0.91. The average heterozygosity and polymorphism information content (PIC) estimated was 0.39 and 0.43, respectively. Mean d 2 in the population ranged from 5 to 227, and the averaged mean d 2 was 49. Heterozygosity and mean d 2 varied among individuals, which indicated a wide range of genetic variation within the chicken population, an important consideration when testing for HFCs. One of the twenty microsatellite loci was significantly out of Hardy-Weinberg proportions. The departure from Hardy-Weinberg equilibrium was due to an excess of homozygotes.
Correlations between heterozygosity and body weight
Due to sex effect on body weight, the regression of body weight on heterozygosity as well as on mean d 2 in males and females was analyzed separately. The univariate regression analyses of body weight and microsatellite heterozygosity was listed in Table 3 . There were no significant correlations between individual heterozygosity and female body weight at birth, two, four and six weeks (p>0.05). Yet microsatellite heterozygosity was positively correlated with their body weight at eight, ten and twelve weeks (p<0.05, Figure 1 ). The r-squared-values of the significant positive slopes of the linear regression ranged from 0.031 to 0.062, which suggested that microsatellite heterozygosity could explain 3.1-6.2% phenotypic variance of female body weight. Microsatellite heterozygosity was positively correlated with male body weight at ten and twelve weeks (p<0.05, Figure 2 ). The r-squared-values of the significant positive slopes of the linear regression were 0.041 and 0.038, respectively, which suggested that microsatellite heterozygosity could explain 3.8-4.1% phenotypic variance of male body weight. Individual heterozygosity positively correlated with simulated maximum daily gain estimated from Gompertz function in females (p<0.05, Figure 3 ), but there were no significant correlations between heterozygosity and other simulated parameters (p>0.05). The r-squared-value of the significant positive slope of the linear regression was 0.047 (p<0.05), which suggested that microsatellite heterozygosity could explain 4.7% variance of the female chicken maximum daily gain. There were no significant correlations between heterozygosity and simulated parameters from Gompertz function in males (p>0.05). There were no significant correlations between mean d 2 and body weight in males and females (p>0.05).
Changes of body weight with microsatellite heterozygosity
Body weight increased when individual heterozygosity increased and the changing trend was similar from 2 to 12 weeks in females (Figure 4) . Males' body weight increased when individual heterozygosity increased, with a little lower when the heterozygosity was 0.5, and the changing trend was similar from 6 to 12 weeks ( Figure 5 ). There was no difference of simulated maximum body weight at each heterozygosity level in males and females, but the simulated maximum daily gain increased with microsatellite heterozygosity in females (Figure 6 ).
DISCUSSION
According to our knowledge this work was the first one on heterozygosity-fitness correlations (HFCs) in domesticated chicken population. Positive association between microsatellite heterozygosity and body weight in males and females was observed and more heterozygous individuals presented a higher body weight, which suggested the existence of HFCs in domesticated population. Body weight increased with microsatellite heterozygosity, which implied body weight could be improved by increasing heterozygosity. Estimated maximum daily gain of males and females increased when microsatellite heterozygosity increased, however, the correlation between them was significant only for females (p<0.05), which implied that improving the growth rate of body weight might be possible by maintaining high level of heterozygosity. All the results indicated that heterozygosity should be maintained at high level with breeding method in standard chicken breed.
The mechanism for generating HFCs is not yet well understood. The observations of HFCs with neutral genetic markers prove that at least some correlations are due to the genetic association between the neutral markers and fitnessrelated genes. In this work, we used selectively neutral microsatellite loci to detect heterozygosity because they are highly mutable DNA markers that are particularly suitable for the detection of HFCs evolve in relation to short-term processes (Hughes and Queller, 1993; Jarne et al., 1996; Tsitrone et al., 2001) , and significant HFCs had been found. Accordingly, the genomic pattern responsible for generating HFCs in this population should be local and/or general effects hypothesis.
The general effect hypothesis suggested HFCs because of the homozygosity at genome-wide distributed loci. According to this view, individual heterozygosity should be changed with inbreeding coefficient and there should be no heterozygosity-fitness correlation in population having no variation in inbreeding coefficient (David, 1998; Hansson and Westerberg, 2002) . All chickens were half-sibs in this study, so we could suppose there was no difference in inbreeding coefficient among individuals. Different individual heterozygosity existed among this population and body weight correlated with heterozygosity in males and females, which implied that heterozygosity didn't correlate with inbreeding coefficient (as found by Leary et al., 1987; Curik et al., 2003; Balloux et al., 2004; Markert et al., 2004; Slate et al., 2004) . The results, on the surface therefore, could rule out the general effect hypothesis in explaining the HFCs in this chicken population. Coltman and Slate (2003) reported that if HFCs exist, they will be better detected by individual heterozygosity than by d 2 values because heterozygosity usually provides higher correlations than that of d 2 under most biologically plausible conditions. In our study, no correlation was found between d 2 values and body weight in males and females. Rowe and Beebee (2001) , in Bufo calamita and Rana temporaria, Shikano and Taniguchi (2002) , in Poecilia reticulata, and Borrell et al. (2004) , in Atlantic salmon, also found no association between fitness traits and d 2 measurements. Pujolar et al. (2005) even found negative relation between mean d 2 and growth rate. Mean d 2 is a useful indicator of inbreeding and related to more distant events in measuring the consequences of recent breeding patterns. In this way, positive correlations between some fitness components and mean d 2 should be found in species with high inbreeding coefficients (Coltman et al., 1998; Coulson et al., 1998) , but not between these traits and microsatellite heterozygosity. No relationship between body weight and mean d 2 in this population indicated that inbreeding was not the cause of HFCs.
In this work, the general effect hypothesis could not explain the HFCs in the chicken population while the local effect hypothesis has been responsible for generating HFCs.
